
sO 

sO 

sO 




cr- 
- ^ 
iio 
1 

><| 

€“ 

H 


PRII.1A3Y AIID AFTERGLOW HvaSSIOH FROM SEPERCOOLES 


W' 


(yo 


ILETROGErJ EXCITED BY FAST ELECTRONS 


7 


i "by 

Daniel I. SeLacher 

Langley Research Center, Langley Station, Hampton, Virginia 

. _ . . 

i 

I ABSTRACT 
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I j 1 Measurements were made of the primary and afterglow emission life- 
times of some of the emitting species in an expanded nitrogen flow at 
16° K and 30 microns Hg when excited hy a 10 kV electron Beam. Both the 
first negative system of N^ and the second positive system of N^ were 
observed in the afterglow to persist in the order of 2 x 10~ seconds. 

The afterglow was swept downstream of the Beam By the high velocity nitro- 
gen stream so that it could Be observed independent of the primary emission. 
The origin of the afterglow is explained By the possible transfer of 
energy from ground state N^ ions and secondary electrons to ground state 
N^ molecules. This is substantiated By observations of the departure 
from a Boltzmann distribution of the rotational energies in the N, mole- 
cioles. In air, the afterglow was greatly quenched By the 0^ molecules 
and in nitrogen at a temperature above supersaturation no afterglow was 
observed. 

INTRODUCTION 

The techrjiq,ue of energetic electron excitation of gases including 

1 2 

nitrogen has been investigated at some length ’ but the results were 
2_ 

G. 0. Langstroth: Proc. Royal Soc. Al46,l66, 195^ • 
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G. Davidson and R. O'Neil: AFCRL Report 6h~kS6, 1, 1964. 
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generally limited to gas temperatiores at or atove room temperature. Since 
a determination of the characteristics of the radiated spectra from the 
excited gas is basic to an londerstanding of the energy transfer processes 
involved, this investigation was undertaken to extend these measurements 
to supercooled gaseous nitrogen (l6° K at 50 microns Hg) where an after- 
glow was observed. The method used is unique in that the low temperature 
was achieved by expanding compressed nitrogen through a convergent-divergent 
nozzle into an evacuated chamber where the afterglow was separated from the 
primary emission due to the high directed velocity of the nitrogen stream. 
Both the primary and afterglow emission spectra were recorded independently 
from 5100 S to 4500 2 and the radiative lifetimes of the afterglow was 
measured. 

Collision processes are postulated to explain the afterglov; by reason 
of a departxire from a Boltzmann distribution of the rotational energies found 
in the molecule. No afterglov was observed in electron excited nitro- 

gen at 60° K which is above the supersaturated region and the afterglow in 
electron excited air at 16° K was greatly quenched by the 0^ present. An 
application for the observed phenomena such as flow field visualization 
studies is demonstrated. 


EXPEEtiMEKTAl METHODS 

A c agram of the apparatus used for this investigation is shown in 

figure 1. The electron beam device has been described previously^ and 

han the capacity to produce a constant electron beam current of up to 

8 

500 inicroainps or *be pulsed to measiare lifetimes on the order of 10” seconds, 
I. Sehacher: Jour of Chem. Phys. 31^ 1368^ 1965* 
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The emission spectrum from the oeam or from the afterglow could he scanned 
independently hy proper allignment of the spectrograph and light stops 
shov;n in figure 1. The sensing element was a 1P28 photomultiplier, the 
spectrograph was a 2.25-m Ebert with a $0,000 line/inch grating and the 
output frcm the phototube was fed to a micromicroammeter whose output was 
displayed on a strip recorder. 

Direct measurements of the radiative lifetimes were obtained by 
exciting the gas molecules by electron bombardment and then observing 
the photon emission as a function of time after the electron beam was cut 
off. This method of measuring radiative lifetimes has been explained in 
detail^ and as described a 68 IO-A photomultiplier was used along with a 
narrow bandpass interference filter. The response of the lifetime detec- 
tion system was in the order of a few nanoseconds and a q.uartz optical 
system was used throughout. 

The nitrogen flow system shown in figure 1 consisted of a stagnation 
chamber which was maintained at a pressure of 2 atmospheres, a 5^^ half- 
angle convei'gent- divergent conical nozzle and a test section. The vacuum 
system consisting of a five-stage steam ejector could maintain the lov^ 
pressure req.uired in the test section at the flow rate used. In the dia- 
gram, the electron beam is coming out of the page and the light emitted by 
the excited gas molectiles is viewed by the spectrograph and photomulti- 
pliers at a right angle to the well defined beam. The gas used/commercial 
grade nitrogen which was foxind to have an impurity content of 0.01 percent 
H^O, but this impurity did not change the measured lifetime from these 
measured in research grade nitrogen. 
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RESULTS MD DISCISSION 
Afterglow 

The afterglow present in the team excited cold nitrogen flow is 
easily visihle to the eye in a darkened room. This is demonstrated in 
figure 2 v?here photographs are shown of the light emission produced hy 
the electron heam at room temperature where no afterglow was ohserved, 
and in the cold flowing where the afterglow is "blown downstream of 

the "beam. A search was also made for afterglow at higher pressures and 
at room temperature such that the nitrogen density was eq.uivalent to that 
in the cold temperature experiments. However, since no afterglow was 
found at these conditions, this indicates that the phenomena is tempera- 
ture dependent. The freestream temperature and pressure of l6° K at 50 
microns Hg were calculated from the ratio of the throat area to the area of the 
expanded stream made visihle hy the electron heam and assuming a perfect 
gas expansion (see figure 2(h)). This was in substantial agreement with 
pitot pressure measurements. 

Buission spectrums were measured from the heam and from the afterglow 
and these are shown in figure 3. Figure ^{s.) is a trace taken from the 
heara in stagnant N^ at 297° K and 50 microns Hg, where it is seen that 
the (0,0) vibrational hand of N2 (591^ S) is dominant over the wave- 
length range measured. The intensities shown have not been corrected for 
the wavelength sensitivity of the 1P28 photomultiplier. Figure 5(h) 
is a trace taken from the heam of the cold expanded N^ and it shows a 
considerable change in the vibrational intensity distribution between the 
first negative system of N^ and the second positive system of N^ with 
the N^ hands gaining in relative strength. 


Fig'ures 5(c) and j(d) are traces at approximately 1/2- inch dovn- 
stream of the beam in the afterglow and at l-l/2-inches downsti’eam of the 
"beam in the afterglow with the light from the beam completely blocked 
out. From these traces it can be seen that both the first negative system 
of ^2 and the second positive system of Kg are found in the afterglow 
and that the Kg vibrational bands now dominate the Kg vibrational bands. 
This is opposite to the case found in the primary emission of the beam. 

This dominance of the Kg bands is seen to increase at increasing distance 
away from the primary source. There was no observable changes in the 

relative intensities of the bands within the given systems measured. 

»• 

ROTATIOHAL IKTEKSITY DISTRIBUTIOK 
The traces in figures 5(c) and 5(d) show an obvious divergence 
of the rotational intensity distribution in the afterglow for the Kg 
bands which is not present in the Kg bands. This divergence is seen 
by the t ailing toward the lower wavelengths for each Kg band taken in 
the afterglow. This tailing indicates that the intensities of the higher 
rotational levels are greater than they should be at l6° K if the rota- 
tional energies can be described by a Boltzmann distribution. 

Measurements were made of the rotational intensity distribution of 
both the first negative (0,0) band of Kg at 591^ S the second posi- 
tive (0,0) band of Kg at 5371 2 from the electron beam and from the after- 
glow. These intensity distributions are presented in figure 4 and figure 5 
in the usual manner of a plot of log (l/K') against (K'(K'+ 1), where 
I is the rotational line relative intensity and K' is the rotational 
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GUG.nfa>r; nusiber of the upper state in transition. The rotational lines 
in those vihraticnal bands were not resolved so that the slope of the 
plots indicates too high a temperatiire. Despite this, the figures are 
usefifL in that a straight line plot indicates a Boltzmann distribution of 
the rotational energies while a cvanring line indicates a non-Boltzmann 
distribution. 

Figure 4 shows a straight line slope for the 5914 S band of in 

both the electron beam and the afterglow. Figure 5 shows a straight 
line sj-ope for the 5371 S band of in the electron beam but a curve 

d. 

that strongly diverges from a straight line in the afterglow. 

This divergence observed in the rotational energy distribution of 
the 5371 % band of can be explained in terms of changes in the internal 

motion of the nitrogen molecule assuming slow heavy molecules are the exci- 
ting particles. In this case, the collision dtiration will be significantly 
longer than for fast electron impact, and the Frank-Condon principle is no 
longer applicable. This effect is in agreement with previous experiments^'’^. 
The straight line slope for the 5914 S band of in the afterglow indi- 

cates that secondary electrons must be the exciting particles causing this 
emission in the afterglow. These secondary electrons would req.uire energies 
greater than I 8.7 ev to excite ground state molecules or 5 .I ev to 

excite grotond state ions to the upper level of the 5914 S transition. 

The most likely excitation path is a direct excitation from the 
state to the ^ state. This is reasoned because of the observed rela- 

tive ease by which even low energy electrons (20 ev) can ionize the ground 
4 

F. M. Reeves and R. ¥. Nicholls: Proc. Phys. Soc. (London) 78,588 ( 196 I) 
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state molecule and the such greater population of ground state 

molecuies* ^ 

Hae orily knovn heavy particles which exist in the flow that possess 
uhe required energy and lifetime to excite the upper state of the second 
positive system of iu the afterglow are the ground state ions 

(15.6 ev). These excited particles are left over from the 39IU S tran- 
sition caused hy both the primary electrons (10 Kev) and the secondary 
electrons in the afterglow. This concept is substantiated by the rela- 
tive increase in the intensity of the second positive system in relation 
to the first negative system in the later afterglow, figure 
the nearer afterglow, figure j(c). The relative population of ground 
state ions to secondary electrons possessing the required energy would 
therefore increase causing the positive bands to gain in relative 

strength. 

LI?ETI!-iE3 

It has been shown previously^’^ that the lifetimes of a particular 
vibrational state can be measured from a recording of the emission inten- 
siuy thr.e history of one of the observable transitions, if no additional 
molecules are added to this state. 

The radiative lifetimes of the upper state of the 391^ ^ transition 

of 1^2 5371 ^ transition of have been measured^^^ and are 

8 

known to be in the order of lO" seconds. If these vibrational bands are 
observed in the afterglow at times greater than their lifetimes, then it 
is apparent that additional molecules are populating the upper state after 
the original excitation source has been removed. 

^T. G. Bennett and F. N. Dalby: Jour. Gnem. Phys. 31>^39 (1959) 
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Figure 6 shows some t^^ical oscilloscope traces of the huildup and 
free decay of light from the ‘beain and from the afterglow along wixh a 
trace of the excitation pulse. The logarithms of the relative intensities 
of the decay taken from these traces were plotted against time to ootain 
the raaiative lifetimes. For at 297° K, the lifetime vas 6.5 X 10”“ 

seconds which corresponds to the lifetime of the 591 ^ ^ transition since 
this hand is dominant at this temperatnre over the spectral range of the 

6810- A. 

Figure 6(0) shows the huildup and decay of the total light from the 
heam and afterglow in the cold expanded nitrogen aiid from this trace it 
can he seen that the afterglow peaks about lO” seconds after the heam 

_7 

has heen cut off and then decays with a lifetime of 2.7 X 10 seconds. 

In order to determine any difference in the lifetime characteristics of 
tie different hands found in the afterglow, a measurement was made of only 
the 591 ^ ° transition hy placing a narrow hand pass interference filter in 
front of the photomultiplier. This trace, shown in figure 6(c), indicates 
that the 5914 S. transition peaks at the same time with less intensity huu 
has the same radiative decay as the total afterglow. It would appear that 
the afterglow lifetime is dependent on hoth the rate of collisions between the 
secondaiy electron and ions with molecules and the ionic recom- 

bination rate. 

HIGHER TEMPERATURES AND AIR 

The temperatvire of the expanded in the test chamber was raised to 

the range from 60 ° to 170° K hy heating the gas in the stagnation chamber 
with an electric arc heater. The above procedure was then repeated hut no 
afterglow was detected downstream of the electron heam. Because of the 
difficulties in varying the range of test section stream temperature, the 
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ii:-:iting temperature for obtaining the afterglow was not found. 

Unheated air was then expanded and a similar afterglov; was detected 
with a much less relative intensity. The oxygen molecules in the air 
are thought to be efficient quenchers of afterglow because of the 

j. 

large cross section "between ions and 0^ molec'oles. 

In "both expanded nitrogen and air at l6° K and 50 microns of Hg 

ry 

the gases are considered to "be in the extreme stipersatiirated state ^ 

The gas has expanded to this condition because of the non- equilibrium 
existing between the freestreat presstire and the vapor pressure predic- 
ted at the freestream temperattxe. At 50 microns of Hg the limiting 
temperature for supersaturation of air and about ^0° K so that 

the arc-heated expansions are well a"bove this region. 

AH APPLICATION 

Aside from the general desire to understand molecular collisions 
and their associated energy transfers, the o"bserved afterglow can be used 
to make visual flow field studies in low density wind turuiels. This is of 
interest aerodynamicists since schLieren systems "became inadequate 
at low densities. 

Figure 7 indicates fne simplicity of the technique in that the orAy 
equipment needed is an electron "beam passed upstream, of the flow field 
under study and a camera. The afterglow sweeps downstream in a sheet so 
that a discreet region of the field in only two dimensions can "be observed, 
thus allowing for studies of such flow phenomena as shock interactions. 

L Da'cm: ALAA Jour. Vol. 1, Ho. 5, 10^3, May I963. 

J. Griffith, H. E. Deskins and H. R. Little: AEDC-TDR 64-35? 20, 

Fe"b. 1964 . 


- 10 - 


Inis rriethod has heen demonstrated in earlier investigations tut 
liotle has teen indicated of its temperature limitations. Despite this 
handicap^ a large numter of existing aerodynamic facilities operate 
in the proper temperature range. 

The data presented descrites an afterglow associated with very low 
temperature supersaturated gaseous nitrogen when excited ty energetic 

-L 

electrons. The interaction of ions and secondary electrons with 

molecules left over from the primary excitation, is postulated as the 

sc’orce of the afterglow. Measurements of the departure from a Boltzmann 

distribution of rotational energies in the molec'oles in the afterglow 

is offered as verification. The radiative lifetime which was measured shows 

an afterglow peak intensity at lO" seconds and then a decay of 2.? x 10~' 

seconds for the observed vibrational bands which have a normal radiative 

0 

lifetimes on the order of lO” seconds. A low density flow field visua- 
lization technique using the afterglow is suggested and demonstrated. 


A. E. Grun, E. Shopper and B. Schxmacher: 


Jour Appl. Phys. 2k, IpP? (1955) 



LIST OB FIGUEE 


Figure 1 - Schematic diagram of the apparatus- 


Figure 2. - Photograph of electron heaia emission in (a) at 297° X 

and 30 microns Hg with no flow, (h) at K and 30 microns 
Hg in expanded flow. 


Figure 3* 
Figure 4. 
Figure 5* 
Figure 6. 


Emission spectrum of "beam excited at various locations 

and conditions indicated p = 30 microns Hg. 

Variation of log (I/K' ) against K'(K'+1) for lines of 
3914 S hand in electron heam and in the afterglow. 

Variation of log (l/K' ) against K'(K'+1) for lines of 3371 2 
hand of aL. in electron heam and in the afterglow. 

Typical oscilloscope traces. Top trace of (a) is excitation 

pulse applied to electron gun. Bottom trace of (a) and traces 
(h) and (c) show the buildup and decay of light intensity for 
the conditions indicated, P = 5C microns Hg. Scale in seconds. 


Figure 7* - Photograph of flow visualization technique using the electron heen 
afterglow. The test chamher conditions were T = 16° K and 
p = 30 microns Hg. 



Ocilloscope 





(d) 1-^ inches downstream of beam in the afterglow. 
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